Introduction
Recent investigations have suggested a role of vitamin D 3 in the regulation of intracellular C a2+ levels in skeletal muscle. Studies on the effects in vivo of the sterol and derived m etabolites have implied l,25(OH)2D3 [1 -3 ] or 25 0 H D 3 [4] in C a2+ transport across sarcoplasmic reticulum m em branes. An effect of vitamin D3 on the ability o f m ito chondria to store calcium has been reported [5] . In addition, more recent research has shown that administration of vitamin D 3 to vitam in D -deficient chicks stimulates ATP-dependent Ca uptake by isolated skeletal muscle sarcolemma vesicles [6] , This evidence does not necessarily imply a direct action of vitamin D3 an d /o r its m etabolites on muscle Ca metabolism as their effects could be mediated by changes in blood mineral com position or parathyroid hormone levels. However, recent work has indicated a direct involvement o f 25 0 H D 3 and l,25(OH)2D 3 on cellular Ca in cultured chick soleus muscle and myoblasts [7] , At physiological 0341-0382/85/0100-0102 S 01.30/0 levels, l,25(OH)2D 3 proved to be more effective than 25-OH-D3 to stimulate 45Ca uptake by these in vitro preparations. However, the measurements were made at only one time point and the possibil ity could not be ruled out that the response of 25-OH-D3 could have exceed that of l,25-(O H )2-D 3 at other treatment intervals. In addition, analysis of desaturation kinetics of soleus muscle prelabelled with 45Ca provided further evidence on the effects of both metabolites on muscle Ca fluxes. As these studies were done with intact tissue, where a con tribution of interstitial and vascular spaces could be expected, no definitive identification of the physio logical correlates of Ca pools obtained from analysis of desaturation curves could be made. A more straightforward interpretation of kinetics of Ca ef flux is given by cell culture suspension [8, 9] . The use of specific inhibitors of m embrane Ca transport systems [10] may, in addition, contribute to the identification of cell Ca pools. The objective of this work was to further clarify the action of vitam in D 3 metabolites on muscle Ca metabolism. D etailed characterization of variations in Ca uptake by soleus muscle and myoblast preparations in re sponse to in vitro treatment with 1.25(OH)2D 3 and 25 OHD3 was carried out. Studies on kinetics of Ca desaturation of prelabelled myoblasts were also performed to obtain information about Ca transport pools modified by the sterols. The effects of R uthe nium Red and LaCl3 on myoblast Ca fluxes were evaluated to identify these pools.
Materials and Methods

Cultures
Isolated myoblasts from 12 day-old chicken embryo breast muscle and intact soleus muscles from vitamin D-deficient chicks were obtained as previousy described [7] .
Soleus muscles were treated with 25 O H D 3 and l,25(OH)2D 3 for various times ( 1 -8 h) in a chemical defined medium [11] containing 1 mM Ca2+ and supplemented with 10% vitam in D-deficient chick serum. The sterols were used dissolved in ethanol. Solvent alone was added to control muscles. Incubations were performed in a D ubnoff Incu-Shaker at 37 °C under a ir-C 0 2 (95% : 5%). To culture muscle cells, the suspension of myoblasts were freed of fibroblasts by preplating on gelatin coated Petri dishes and brought to a concentration of 5 x10s cells/ml in Eagle's M inimum Essential Medium containing 1 mM Ca2+, 10% serum from vitamin D-deficient chicks, 10% chick embryo extract and 1% antibiotic-antimycotic solution [12] . Three milliliters of this suspension were plated on a 60 mm Petri dish and incubated at 37 °C in a waterjacketed incubator (Form a Scientific, USA) under a constant flow of 95% air-5% C 0 2 saturated with water. The medium was replaced after 24 h incuba tion, lowering chick embryo extract to 2%. Vitamin D3 metabolites were added at this tim e and the plates were cultured for up 24 h. Viability of the cells from control and treated preparations was ensured by measurement of trypan blue exclusion. Levels of 25 0 H D 3 (20 ng/ml) and l,25(O H )2D 3 (0.05 ng/ml) used to treat both soleus and myoblast cultures were close to those normally found in chick serum [13] .
Calcium uptake and efflux
Calcium uptake by intact soleus muscles was measured using a 60 min incubation at 37 °C in Krebs-Henseleit-bicarbonate saline solution con taining 1 mM 45CaCl2 (0.2 (iCi/ml) as described before [7] , To evaluate Ca uptake by suspended cells, the myoblast preparations were preincubated at 37 °C with Krebs-Henseleit-glucose solution [14] for 60 min to achieve steady-state conditions. 45CaC l2 (1 mM, 0.5 jaCi/ml) was then added to the m edium and the cells were incubated for various time intervals (5 -9 0 min). A 1 ml aliquot of cell suspen sion was added to 40 ml of ice-cold Krebs-Henseleit solution contained in a centrifuge tube and centri fuged for 45 s at 3500 rpm. The supernatant was discarded and the cell pellet was solubilized by heating for 15 min at 55 °C in 0.1% SDS. Aliquots were taken for measurement of radioactivity in a Beckman liquid scintillation spectrometer and protein determination by the Lowry procedure [15] .
Calcium efflux studies were perform ed with m yo blasts cultured in 250 |iC a2+ to avoid their clumping and fusion. A similar design as described for kidney cells [8] was used. The cells were prelabelled with 45CaCl2 (1 (iCi/ml) at 37 °C as for uptake m easure ments. After labelling the cell suspension was centrifugcd for 30 s at 2000 rpm, the radioactive super natant decanted from the tube and the cells were again rapidly washed and resuspended in fresh non radioactive Krebs-Henseleit solution. The cells were divided into two tubes and placed in a water bath at 37 °C under shaking to perform isotope desatura tion. The medium was replaced at 5, 10, 20, 30, 60, 90, 120, 150 and 180 min. After each centrifugation an aliquot of the medium was taken for rad io activity measurements. At the end of the desatura tion period the cells were dissolved by heating in 0.1% SDS to determine 45Ca radioactivity and protein content.
To evaluate the effects of R uthenium Red and LaCl3, these compounds were included in the medium at concentrations of 100 ^m and 200 |iM, respectively, during both the prelabelling and de saturation periods. effects of the sterols on Ca fluxes across plasma and/or intracellular membranes. To obtain inform a tion about the Ca pools affected by vitam in D 3 metabolites the kinetics of Ca efflux of myoblast suspensions prelabelled with 45Ca was studied. Efflux curves obtained with myoblasts were sim ilar to those previously described for other cell types [8, 9] , A representative experiment is shown in Fig. 4 . Their graphical analysis revealed 3 rates of efflux, indicating the presence of a " very fast"-, a "fast"-and a "slow"-exchangeable Ca pool. These pools were characterized by half-times of desatura tion of 1 -2 min, 10-15 min and 100-120 min, respectively. Kinetic parameters of com partm ents were calculated using equations which may be applied to the analysis of Ca desaturation curves even if isotopic equilibrium has not been reached during prelabelling with tracer [16] . In Table I , values of the rate constants of efflux and size of the "fast"-and "slow"-turnover pools are given. P aram eters of the "very fast" component of efflux were , not estimate since the technique of isotope de saturation is not fast enough to measure it with accuracy. l,25(OH)2D3 caused a significant increase in the rate of efflux from the "slow"-turnover Ca pool (A:32) and in the size of the "fast"-turnover Ca pool (Si). Less significant increases were obobserved in K23 and K20 by addition of the m etab olite to the cells. On the other hand, the m ain effect of 25 0 H D 3 consisted in a marked increase in the rate constant of flux from the "fast"-to the "slow"-Ca pool (&23). A large increase in the size of the "slow"-exchangeable com partm ent (S^) was also observed whereas S2 was augmented less pro nouncedly. The "very fast"-, "fast"-and "slow"-exchangeable Ca pools have been associated in other cells to the extracellular glycocalyx, cytoplasm and mitochondria, respectively [8, 9] , To further characterize the nature of the pools in muscle cells affected by vitamin D 3 metabolites, the effects of ruthenium red and LaCl3 on Ca fluxes were charac terized. These compounds have been reported to specifically inhibit in vivo Ca transport processes located at mitochondria and plasma m em brane, respectively [10] . The effects of both compounds on kinetic parameters of Ca efflux in cultured cells are described in Table II . Ruthenium red decreased /:23, S 2 and S3. Main changes of cells exposed to 200 |jm LaCl3 were a 3.5-fold decrease of A r20 and an increase o fS 2 (20-fold) and S3 (16-fold). [7] as C a2+ promotes muscle cell fusion [12, 17] , Evaluation of the effects of both metabolites on 45Ca uptake by muscle cultures employing a wide concentration range confirmed the greater potency of l,25(OH)2D 3.
"Fast" and "slow"-exchangeable com partm ents were identified by the analysis of 45Ca desaturation curves of isolated myoblasts. It may be safely assumed that these compartments represent cyto plasmic and mitochondrial Ca pools, respectively. Their half-times of desaturation were sim ilar to those reported for several other cell types, where experimental evidence about their intracellular location has been given [8, 9, 18] . Characterization of the effects of LaCl3 and ruthenium red provided additional criteria for their identification. It was possible to expand the size of the "fast" pool 20-fold and to markedly reduce its rate constant of efflux k2o in the presence of 200 (iM LaCl3 . These changes may be explained by the selective inhibitory action of La3+ in intact cells on the plasm a m em brane Ca efflux pump [10, 19] and indicate that this pool represents cytoplasmic calcium. The size of the "slow-exchangeable" compartment was decreased 3-fold by the addition of Ruthenium Red to muscle cell cultures. K2i was also diminished. The m odi fications are consistent with the fact that R.R. is an inhibitor of mitochondrial Ca:+ transport in vivo [10, 19] . The contribution of sarcoplasmic reticulum , which represents a major mechanism of accum ula tion of intracellular calcium in differentiated muscle, to the "slow" pool should not be relevant as it is only scarcely present in cultured myoblasts of this age [20] .
The data from desaturation experiments suggest that l,25(OH)2D 3 stimulates bidirectional Ca fluxes across mitochondrial and plasma m em branes in muscle cells. A distinctive m odification caused by the metabolite was an increase in the rate constant of efflux of Ca from m itochondria (A^32). The metabolite also increased the rate of Ca influx from cytoplasm into mitochondria (Ä^23). In addition, the rate constant of Ca2+ efflux from cytoplasm to the external medium (AS0) was augmented by pretreat ment of cells with l,25(OH)2D 3. However, an in crease in the size of the cytoplasmic Ca pool (S 2) was observed. This may be explained by an in creased Ca influx across the cell m em brane as sug gested by the effccts of l,25(O H )2D 3 on the "initial rate" of Ca uptake (Fig. 1) . In bone cell cultures it has also been shown that l,25(O H )2D 3 stim ulates Ca fluxes in a "slow"-exchangeable com partm ent and the initial rate of Ca influx into the cells [18] . [21] have shown that vitamin D depletion of chicks leads to Ca accumulation in muscle tissue. A dm inistration of l,25(OH)2D3 reversed this change. Increased Ca efflux from mitochondria and cytoplasm in muscle cells treated with l,25(OH)2D3 observed in this study may provide a mechanism of l,25(O H )2D 3 action on Ca mobilization from skeletal muscle of rachitic animals. Moreover, in agreement with these observations it has been reported that adm inistra tion of vitamin D3 to vitamin D-deficient chicks stimulates the Ca-dependent ATPase of skeletal muscle sarcolemma [6] . In addition, a marked stimulation of Ca efflux from muscle m itochondria preloaded in vitro with 45Ca has been observed upon treatment of vitamin D-deficient chicks with vita min D3 [5] , There is scarce information about possible mechanisms by which the effects of 25 O H D 3 and l,25(OH)2D3 are mediated. The action of the sterols on mitochondrial Ca fluxes may involve the syn thesis of specific proteins. It has been recently reported that vitamin D3 affects in vivo the com po sition and [3H]leucine labelling of proteins of chick muscle mitochondrial membranes [22, 23] . These changes may be connected to 25 0 H D 3 as only a receptor for this metabolite has been found in rat skeletal muscle [11] . However, in prim ary cultures of bone cells it has been shown that the addition of protein synthesis inhibitors abolishes the increase in Ca efflux from mitochondria induced by l,25(OH)2D 3 [18] . Similar studies with muscle cells are in progress in our laboratory. The pronounced increase in mitochondrial Ca influx kinetic param eters caused by 25 OHD3 may, in addition, be related to its stimulatory effect on muscle P 0 4 uptake [11] , as Ca accumulation by m itochondria is affected by cytosolic P 0 4 levels [9] . The action of l,25(O H )2D 3 on Ca fluxes across muscle cell plasma m em brane may not be mediated by protein synthesis. Vitamin D3 induces in vivo significant increases in phosphat idylcholine and sphyngomyelin contents of skeletal muscle sarcolemmal membranes [6] . Similar changes are produced by l,25(OH)2D 3 in cultured myoblasts (Boland, A. R. de and Boland, R.; unpublished data). It has been reported that l,25(O H )2D 3 affects the lipid composition of intestinal plasma cell m em branes by a mechanism independent of protein synthesis. These changes have been correlated to the effects of the metabolite on Ca transport [24, 25] .
